The optical multimode interconnection technology has become important due to increasing data rates in modern multi-processor systems. In this context, the coupling of optical waves into multimode waveguides has to be analyzed. Ray optical methods are preferred, but are not applicable for all geometries. As full-wave analysis using the mode matching technique is very extensive, we present a simple method based on overlap integrals, to calculate the coupling efficiency of impinging optical waves. Our approach neglects reflected waves. The corresponding error is corrected by applying a transmission factor, which is that of a plane wave irradiating a dielectric half space. We verify our approach at a planar slab waveguide and a cylindrical fiber, as their mode spectra are well known. The mode matching technique is applied as reference method and the impinging wave is a Gaussian beam with varying angles of incidence and lateral displacements.
Introduction
Future computing hardware will operate with on-chip clock rates up to 10 GHz. To provide proportionate data transfer rates in multi-processor systems, an optical interconnection technology based on board-integrated optical channel waveguides is needed. These waveguides have to be highly multimodal to be adaptable to the existing PCB mass production [1] . The system design of optical interconnects requires an effective set of design tools with each basic algorithm being efficient with respect to time needs and memory requirements. The aim of this paper is to present an effective approach to describe the coupling of optical waves into a multimodal step index waveguide based on overlap integrals.
Investigation of these coupling processes by full-wave analysis using the mode matching technique is very extensive, as a lot of reflected and transmitted modes have to be regarded. The total number of modes needed by this method might exceed a few thousand. Thus a very large linear system of equations has to be solved. Therefore, this method is very time and memory consuming. Another disadvantage is that only closed structures can be analyzed. An often used approximation is to neglect the reflected waves. In this case, evaluating the boundary conditions for the transverse field components by means of the mode orthogonality leads to explicit expressions for the amplitudes of the transmitted modes involving overlap integrals. The error caused by neglecting reflected waves can be corrected by applying a mode-independent transmission factor.
The waveguide design we want to analyze consists of waveguides with rectangular cross section. As no analytical expressions for the modes of these waveguides are known, we look at two basic waveguides with known mode spectra to verify our approach. The first one is a planar slab waveguide, and the second is a cylindrical fiber. In our calculations, the incident wave is a Gaussian beam, which irradiates the waveguide interface with varying angles of incidence and lateral displacements. Since we use the mode matching method as the reference method, we first give a short introduction to this method.
The Mode Matching Method
In order to apply the mode matching method discrete mode spectra must be provided. Therefore, a closed structure with e.g. perfect electric conducting (PEC) walls, like in Fig. 1 , has to be considered. Let the transverse components of the electric and magnetic fields in the discontinuity plane z = 0 be given by
The upper indices i, r, and t denote incoming, reflected, and transmitted waves, respectively. Due to the lossless materials the orthogonality relation
PEC . holds for all eigenmodes e and h. z is the unit vector in axial direction, δ km is the Kronecker delta, and * denotes complex conjugation. Q (s) k corresponds to the normalized power of each mode. As the overall cross sections in z < 0 and z > 0 are of equal size, two equivalent sets of mode matching equations can be written:
where H denotes hermite conjugation. The vectors c (s) consist of the amplitudes C k . A and B are matrices with elements defined by the overlap integrals
The equivalence of the formulations (3) and (4) can be proved by means of a series expansion of e (i) in terms of e (t) (7) [2] . Making use of the orthogonality relation (2) results in the matrix equation (8).
For the exact solution of the coupling process, the number of modes on both sides of the discontinuity must tend to infinity. Irrespective of the number of modes taken into account, the mode matching method conserves the power across the discontinuity in z = 0 [2] .
Description of the Approximation
Neglecting reflected waves in (3) and (4) leads to two explicit expressions for the vector c (t) , distinguished by the lower indices 1 and 2:
Both solutions contain an unknown error following from neglecting reflected waves. They are equivalent to a series expansion of the incoming electric or magnetic field in terms of the eigenmodes of the considered waveguide. In order to minimize the overall error, let us assume that the power transmitted through the discontinuity z = 0 can be calculated by
Making use of (9) and (10) together with (8), we can show that, as long as the number of modes regarded is sufficient, this approach conserves the complex power through the discontinuity z = 0:
As we neglect reflected waves, conservation of power is of course not our intention. But it gives rise to apply a transmission factor. In the next section we will show that this transmission factor equals with good approximation that of a plane wave impinging on a dielectric half space with the same refractive index difference. On the basis of (15) the following approximation holds for the absolute values of the mode amplitudes:
with
Here, T is the transmission factor of a plane wave. The results presented in the next section confirm (16). Equations (17) afford a series expansion of the fields of the incoming wave in terms of waveguide eigenmodes formed by the PEC-walls. As no closed structure is needed any more, the following equations can be used instead of (17):
Here E (i) t and H
(i)
t are the transverse components of the incoming fields in the discontinuity z = 0.
Verification
In (x ′ , y ′ , z ′ ) coordinates the (three dimensional) Gaussian beam is given by the magnetic vector potential function
where t ′ is a unit vector in transverse direction (e.g. x ′ or y ′ ), k 0 = ω √ ε 0 µ 0 is the phase constant in free space, and U is defined by
In case of the planar geometry, all field components are independent of the y-coordinate. Thus, all fields are either transverse electric (TE) or transverse magnetic (TM) and equation (20) has to be modified [3] . The magnetic and electric field components are obtained by
. Important properties of a Gaussian beam are the beam radius w(z) (it is half the beam width b), the radius of phase curvature R(z), and the angle of divergence Θ 0 . Fig. 2 illustrates the properties of a Gaussian beam and shows the investigated geometry. The parameter z 0 is the Rayleigh range which is half the confocal parameter. To get different angles of incidence ϑ the beam axis z ′ is turned around the y-axis. In case of the fiber, the lateral displacement h is a two component vector indicating shifts in x-and y-direction.
To apply the method of mode matching, the field of the Gaussian beam is expanded into a series of waveguide modes formed by the PEC-walls that are either TM-modes or TE-Modes. That is, in case of the planar geometry, the problem can be divided in TM and TE. This is not possible in case of the fiber, as the fiber modes are hybrid modes. In both cases, however, it can be distinguished between two orthogonal polarizations of the Gaussian beam. As there are no significant differences between different polarizations, t ′ = x ′ is valid in the following. The transmission factor T in (16) is then assumed to be given by the Fresnel formula 
with n 01 = n 1 /n 0 . The results in Fig. 3 show that this formula is suitable to correct the error caused by neglecting reflected waves. Fig. 3a and 3b show results for the planar slab waveguide. The results belong to a core thickness of 100µm, a distance of 300µm of the PEC-walls to the core, and refractive indices of n 1 = 1.56, n 2 = 1.54, n 3 = 1.53. Shown are the coupling efficiency calculated by means of the mode matching method and the relative deviation of the approximate method for different properties of the Gaussian beam. Fig. 3a shows the dependency on ϑ, and Fig. 3b the dependency on h. The deviation of the approximate method is in all cases less than 0.1%, as long as there is a significant coupling efficiency. This is also valid in case of 
. the cylindrical fiber (Fig. 3c, 3d ) . Here the parameters are a core radius of 25µm, a radius of the PEC-wall of 100µm, and refractive indices of n 1 = 1.56 and n 2 = 1.54. Due to numerical problems, an increased error might be inherent in the results for the deviation in Fig. 3c , in case of Θ = 5
• , b = 50µm and large angles of incidence (ϑ > 12
• ). If so, then the power conservation (15) is not sufficiently satisfied. The same is for Fig. 3d , with Θ = 14
• , b = 25µm and h x > 12µm.
Conclusion
We have shown that it is possible to calculate the coupling efficiency of optical waves into multimode step index waveguides without regarding reflected waves. An approximation based on overlap integrals and a plane wave transmission factor gives quite accurate results for significant coupling efficiencies. Better results might be obtained with an improved transmission factor regarding an inhomogeneous half space. The results give rise to apply this method to waveguide structures with more complicated mode spectra, e.g. a waveguide with rectangular cross section, as only expressions for the guided modes have to be known.
